Ultrafast and broad spectral bandwidth photodetectors are desirable attributable to their unique bandstructures. Photodetectors based on graphene have great potential due to graphene's outstanding optical and electrical properties. However, the highest reported values of the photoresponsivity of pure graphene are less than 10 mA/W at room temperature, which significantly limits its potential applications. Here, we report a photoresponsivity of 32 A/W in pure monolayer graphene photodetectors, an improvement of over one order of magnitude for functional graphene nanostructures (<3 A/W). The high photocurrent generation in our devices can be attributed to the high sensitivity of graphene's resistivity to a local change of the electric field induced by photo-excited carriers generated in the light-doping substrate. This dramatically increases the feasibility of using graphene for the next generation of photodetectors.
Background
As a novel two-dimensional (2D) material, graphene possesses a unique conic band structure [1] [2] [3] and at low energy shows a linear energy dispersion of massless Dirac fermions [4] [5] [6] and thus is popularly considered for many optoelectronic and electronic applications [4] . For example, when the Fermi level of monolayer or bilayer graphene is tuned such that it is larger than half of the incident photon energy, graphene becomes completely transparent as a result of Pauli blocking [4] [5] [6] [7] [8] . This tunable property of graphene makes it highly suitable for many photonic devices [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . A straightforward application of graphene, graphene photodetectors, has attracted numerous researchers, as graphene exhibits many advantageous behaviors compared to semiconductor counterparts [21, 22] . In addition to the aforementioned wide spectral absorption, with its high carrier mobility, graphene photodetectors are intrinsically capable of ultrafast operation not achievable by semiconductor-based detectors. The maximum bandwidth value of a reported graphene photodetector was 640 GHz [7] , limited by the RC time constant of the measurement circuit. Additionally, the carrier extraction mechanism in graphene photodetectors is different from that of semiconductor photodetectors due to the built-in voltage at the metal-graphene junction [23] . Currently, photo-generated carriers extract from graphene photodetectors because the metal-graphene interfaces produce local potential variations [24] . However, the reported maximum responsivity in pure graphene photodetectors is very low (a few mA/W) [25] , originating from the limited absorption (~2.3%) of the thin material, the small effective detection area of graphene sheet [4] , and the short photo-generated carrier lifetime due to the gapless energy bands [4] [5] [6] [7] [8] .
To date, work on creating graphene photodetectors with a high response speed and a broad spectral range at room temperature is still ongoing. More recent efforts concentrate on graphene functionalization techniques by creating a bandgap to enhance the photoresponsivity. However, not much work has been done on understanding and controlling the substrate effect on graphene photodetectors. Several known mechanisms contribute to photocurrent generation in biased graphene with a heavily doped silicon substrate [7, 24, 26] . Theoretical understanding and experimental investigations of generation mechanisms of photocurrents in graphene on lightly p-doped silicon substrates still have room for improvement, in how the thermoelectric and photovoltaic effects of graphene can affect the photocurrent. In this experiment, we investigate the mechanisms of photocurrent generation in biased graphene with a graphene field-effect transistor (FET) configuration fabricated on a lightly p-doped silicon/silicon oxide (Si/SiO 2 ) substrate. We demonstrate a higher photoresponsivity at room temperature at visible range. The photoresponsivity value reaches a maximum of 32 AW −1 at room temperature measured from biased source-drain and back-gate voltage modulation, one order of magnitude higher than the values reported in recently published works. Our work potentially reveals the importance of the effects of the doping substrate for graphene photodetectors and offers insight on how to optimize pure graphene-based photodetectors and transistors for optoelectronic and electronic practical applications.
Methods
Graphene photodetectors with an FET configuration were fabricated by mechanical exfoliation from bulk highly oriented pyrolytic graphite (grade ZYA, SPI Supplies). Photolithography and e-beam evaporation of 5 and 80 nm of chromium and gold, respectively, were used to create the source and drain electrodes. The sample of monolayer graphene was identified by optical contrast on the 300 nm SiO 2 dielectric and confirmed with Raman spectroscopy. In order to detect the excessive photo field-effect, we used a lightly doped (p-type 10-20 ohm-cm) silicon dioxide on silicon substrate. In situ sample cleaning by the electric field were performed to clean the surface, enhance carrier mobility, and reduce intrinsic defects. After this treatment, the Dirac point of the devices were near 25 V. The photocurrent measurements were performed with a heliumneon laser with a wavelength of λ ≈ 632 nm at room temperature. Incident laser power values were fixed at 5 mW, and the frequency of the laser pulse could be adjusted from 5-5000 Hz. The laser spot diameter on the sample could be adjusted from d ≈ 1 μm to 1 mm using a microscope objective lens. The photoresponsivity data was collected with a semiconductor device analyzer (Agilent, B1500A). Considering the electric field enhancement attributable to the gate stack, we calculated that the absorption of the incident light in the graphene device was 2.5%. The photocurrent amplitudes shown are peak-to-background values throughout. The photoresponsivity measurements were carried out on multiple samples.
Results and discussion
The FET devices were fabricated, and electrical characteristics of the graphene photodetectors were investigated. Figure 1a presents the current-voltage (I-V) characteristics of the graphene photodetector with backgate bias (V G ) varying from −10 to 10 V. Note that the current-voltage (I-V) with respect to V s-d = 0 is asymmetric; this asymmetric behavior indicates that an intrinsic internal electric field (built-in potential) exists in the device. This plays an important role in the overall photocurrent response of graphene photodetectors, possibly as a result of both fabrication-induced defects and potential barriers between the edges of the graphene sheets. The inset in Fig. 1a shows the characteristic Raman spectrum of the sample with a clearly distinguishable G peak and 2D band. The ratio of the peak value p 2D /p G > 1 confirms that the sample is monolayer graphene. In addition, as the D peak is not seen in the Raman spectrum, the graphene sample must be relatively free of defects [27, 28] . We investigated the photoresponsivity of the pure graphene photodetector device (refer to Sample A in the latter part of the paper) at source-drain voltage V s − d = 5mV with biased back-gate voltage V G = − 1V, with and without light illumination on the entire device at room temperature (see Fig. 2a ). In these measurements, a focused laser beam (helium-neon gas laser, wavelength of 632 nm, laser spot size of 1 mm) is focused onto the device while the induced photocurrent is measured as a function of time. The device shows a high photoresponsivity of S = 1.15
Þ and G is the gain of the photodetector defined as G ¼
, where I ph is the photocurrent [A], P is the incident laser power [W], S G and S L are the area of the sample and laser spot, respectively, and λ incident is the laser wavelength. The laserinduced charge carrier generation and subsequent separation at the graphene-metal interface results in photocurrent generation. When light is incident on the interface between the graphene and the electrodes, the photoexcited electron-hole pairs are generated and accelerated in opposite directions by the internal electric field, thus generating an observable photocurrent
is open-circuit voltage produced across the carrier generation region, and R g is the resistance of graphene).
To clarify the origin of the photocurrent, we investigated the photocurrent dependence on the laser spot size. This allowed us to clearly identify the photocurrent contributions from both the silicon substrate and the graphene-electrode interfaces, where internal electric fields are produced and separate the photo-generated carriers [26] . In real metal-graphene electrodes, the bending of the energy bands depends on the types and density of the surface states [29] [30] [31] [32] . Figure 2b shows the photoresponsivity dependence on the laser spot size under the back-gate voltage bias of V G = − 1V. As shown in Fig. 2b , the magnitude of the photocurrent I ph and photoresponsivity are strongly dependent on the size of the laser spot. The photocurrent I ph increases linearly with the laser spot size and saturates at spot size d = 1.0 mm. Such behavior indicates that the photocurrent originates from several different mechanisms [4, 25, 26] . We propose that the high photocurrent generation in our device arises from the high sensitivity of graphene's resistivity to the local change of the electric field. In our experiments, lightly doped silicon substrates were used, resulting in the creation of a large vertical gate-like voltage on the substrate, increasing the total photocurrent. The local change of the electric field can be attibuted to the photo-excited carrier generation in the underlying lightly doped substrate. The inset in Fig. 2b represents the schematic illustration of the positive charge accumulation at the Si/SiO 2 interface under illumination without a source-drain bias, leading to a photogating effect in the graphene FET [33, 34] . The graphene channel shows a high sensitivity to external electrostatic perturbation, as interfacial charge traps switch the gate voltage of the graphene FET, leading to efficient photocurrent. As the spot size decreases to a size matching the sample device, the photocurrent I ph reduces to 10 nA(S = 0.8 mAW − 1 , G = 6.8 × 10 − 4 ). This value agrees with the previously reported results of a low photoresponsivity of pure graphene of about 10 mAW −1 [25] . Owing to the work function mismatch between silica and silicon, the valence and conduction bands in silicon bend at the interface [26] . In our case of the p-type doped silicon substrate, the energy bands in silicon bend downward, leading to a triangular potential well for the electrons at the interface [35] [36] [37] [38] [39] [40] . This downward bending of the energy bands near the metal electrodes enables the photon-generated electrons and holes to easily enter the metal without threshold energy barriers. This substrate effect would yield an enlarged vertical gate voltage, leading to high photoresponsivity [29] . Photogenerated electrons diffuse toward the interface, while holes are repelled away from the interface, allows for an additional negative voltage across the interface, creating a similarly biased negative gate voltage in the graphene field-effect transistor and changing the source-drain current. Interestingly, the spatial extension and the magnitude of the photo field-effect is determined by the substrate's chemical doping [26] . For the heavily doped silicon, the carrier lifetime is relatively short. For intrinsically or lightly doped silicon (as in our case), the carrier lifetime is much longer, and the spatial extension of the effect can be as large as 1 mm. The intrinsic photocurrent decays fast when the laser spot is away from the graphene channel, but the photo field-effect can still be observed several millimeters away. Such properties enable us to estimate the magnitude of the photo field-effect via adjusting the size of the laser spot.
The external photoresponsivity and gain can be further increased by applying a source-drain bias within the photocurrent generation path. The source-draindependent photoresponsivity characteristics (back-gate bias V G stays fixed at 0 V) of sample A are shown in Fig. 3a biased positive and in Fig. 3b biased negative voltage. The photocurrents show a strong dependence on the biased source-drain voltage. An explanation for the increase of the photoresponsivity with the increasing source-drain voltage is that under light illumination, the overall current I is the sum of the photocurrent and dark current: I = I ph + I d . Interestingly, the photocurrent I ph increases with increasing source-drain bias voltage (applied to the two electrodes; one electrode grounded), but decreases for 0 > V s − d > − 55mV and changes photocurrent sign at V s − d < − 55mV (See Fig. 4) . The critical voltage point V s − d = − 55 mV demonstrates that the photocurrent becomes zero at this bias voltage regardless of the power of the laser illumination. This phenomenon indicates that the total electric field, which is the sum of the external electric field and the built-in field of the graphene channel, can be affected by applying a biased source-drain voltage. Figure 4a presents the bias dependence of the external gain and photoresponsivity. As V s-d increases, the gain and photoresponsivity increases linearly and the value is not being saturated. This observation potentially indicates that a higher photoresponsivity can be achieved with pure graphene devices. A maximum photoresponsivity of S = 32AW − 1 was achieved at room temperature with a source-drain bias of V s-d = 200 mV, representing an order of magnitude improvement over previously reported functional graphene nanostructure based photodetectors. Figure 4b , c presents the bias dependence of the external gain and photoresponsivity when the laser spot size is exactly the sample size, where the effect of the substrate prospective applications in a new era of high-performance optoelectronic devices. Moreover, the external photoresponsivity and gain can also be enhanced by applying a back-gate bias within the photocurrent generation path and by augmenting the interaction between graphene and the incident light. back-gate voltage. Furthermore, the photoresponsivity and gain can be gate-modulated, providing a convenient on-off switching control for the graphene photodetector.
Conclusions
In conclusion, we have demonstrated a highly effective method of increasing the sensitivity of a pure monolayer graphene photodetector by using lightly p-doped silicon dioxide on silicon as the substrate. Our pure graphene photodetector exhibits an increased photoresponsivity, one order of magnitude higher than that of similar graphene photodetectors in previous reports at room temperature. The observed phenomena in our experiments point to a clear pathway toward practical applications of pure graphene in the design of photodetectors that can be manipulated by back-gate (V G ) and source-drain (V s-d ) voltages. Moreover, the proposed configuration is superior to the previously reported structure, and a larger scale of the proposed device can be easily fabricated. Further device performance improvement can also be obtained through plasmonic nanostructures and waveguide-integrated configurations, providing that a method of growing high-quality graphene with high carrier mobility that is compatible with modern semiconductor technologies can be developed.
